Abstract: In this study, a spray drying system was used to prepare macroporous titania micro-particles for applications including UV blocking materials and photocatalysts. To synthesize the macroporous particles a colloidal templating method using polymeric beads as sacrificial templates and a titania nano-colloid as precursor material was adopted. The resulting porous titania particles were mixed with distilled water to measure their light transmittance, and to assess their UV blocking performance. To demonstrate another application, the organic dye Rhodamine B was decomposed using the macroporous titania micro-particles as a photocatalyst for water purification. The spray drying system was also utilized to fabricate porous iron oxide particles using iron chloride liquid precursor. Following a reduction reaction, the porous iron oxide particles fabricated in this study are also potentially applicable as intermediates for the synthesis of porous metal particles, which have various applications including porous surface burners, artificial bones, thermal insulation, and sound absorbers.
INTRODUCTION
Recently, extensive effort has been expended to synthesize porous materials for a wide range of applications, including catalytic supports, photonic pigments, as materials for sensors and electrodes, and as reinforcing composites [1] [2] [3] [4] [5] . In order to form architectures with high porosity and large surface area, various fabrication schemes have been developed, including hydrothermal synthesis, soft and hard templating methods, the rapid evaporation of droplets, electrospinning, and electrochemical anodization [6] [7] [8] [9] [10] [11] . Among these various synthesis schemes, the colloidal templating method is considered a promising approach for forming ordered arrays of uniform pores due to its economic and facile nature [12] .
Specifically, porous particulate materials have been synthesized using droplets as confining geometries, to encapsulate precursor materials and organic templates [13, 14] . Aerosols or emulsions have been adopted as shrinking droplets for this purpose, to induce the particles. Among droplet-based synthesis protocols, these two steps of self-assembly and calcination have also been combined in a single apparatus, such as a spray pyrolysis reactor, allowing various macroporous particles to be fabricated within short time intervals [15, 16] . However, during high-temperature operation of the pyrolysis reactor, the produced particles can become deposited on the inner wall of the furnace, which decreases the yield of the fabrication process. This has stimulated efforts to develop a more economic synthesis method that can eliminate the loss of the produced powder materials, using other preparation routes, such as spray drying apparatus.
The spray drying technique is currently used to fabricate various powder materials in the medical and food industries.
As one successful example, Pulmosphere TM , a porous powder which can be efficiently absorbed into human lungs, has been synthesized in this manner [17] . Various operating conditions, including drying temperature, can be adjusted during the spray drying process within a wide controllable range, which Young-Sang Cho
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can promote the rapid evaporation of the droplets. By adjusting the drying conditions of the spray drying process, the morphologies of the final products can be easily controlled due to the change in mass Peclet number [18] . The powder collection conditions can also be changed by adjusting the feed rate of the hot air stream, thus minimizing powder loss.
Our previous research on the synthesis of porous particles using emulsion droplets as confining geometries enables the facile fabrication of porous silica particles using commercial silica nano-colloids as precursor materials [19] . A similar approach for synthesizing meso-macroporous particles could be applied to the fabrication of porous silica particles, using metal alkoxides as the source materials [20] . However, these methods have some drawbacks, most notably high cost, which is inevitable due to the continuous oil phase required during the emulsification step.
In addition, the fabrication of porous particle materials has mainly been limited to silica, since it has proven difficult to assemble various other metal oxides as porous structures using our previous emulsion-assisted self-assembly strategy.
In contrast, the spray drying technique does not require a continuous phase liquid state, since the tiny droplets are generated as aerosols. Consequently, the spray drying approach, which is a method of self-organizing precursor materials inside droplets, can be a more economical way of fabricating porous particles.
A complex fluid is a broadly defined concept which includes colloidal suspensions, aerosols, foams, or emulsions.
Complex fluids are primarily uniform mixtures of binary phases, and most can exhibit both liquid and solid-like behaviors under the external physical change. Colloidal suspensions of latex beads or inorganic particles, as well as solutions of polymers or micelles, are categorized as complex fluids [21] .
In this study, the droplets of a complex fluid system, a hetero-colloidal dispersion, were studied to demonstrate the formation of porous particles by evaporation-induced self-assembly. Specifically, macroporous titania micro-particles were prepared by the spray drying process, using a titania nano-colloid and polystyrene nanospheres as the precursor and templating materials, respectively. Table 1 . After completion of the reaction, the particulate products were filtered and the volatile monomers remaining in the suspension were evaporated under a chemical hood at room temperature for a few days.
Synthesis of the macroporous titania microparticles
A 100 ml suspension of polystyrene nanospheres (5 wt%)
was mixed with 7 ml commercial titania nano-colloid (36 wt%) and 53.5 ml distilled water to prepare the precursor solution for the spray drying process. The hetero-colloid was fed through two fluid nozzle and dried at 200 ℃ inside the drying chamber. The resulting powder was collected from the collection section of the spray dryer, and further heat treatment was performed at 500 ℃ for 5 hours to produce the macroporous titania micro-particles.
Photocatalytic decomposition of Rhodamine B dye
The 
Synthesis of porous iron oxide particles
3.5 ml iron chloride hexahydrate (FeCl2･6H2O) was mixed with a 25 ml suspension of polystyrene nanospheres and 12 ml of distilled water to prepare a precursor solution for the spray drying process. To prepare porous iron oxide particles, the inlet hot air temperature was adjusted to 160 ℃ inside the drying chamber, and after spraying, a final calcination was conducted at 500 ℃ or 780 ℃ for 5 hours.
Characterizations
The morphologies of the macroporous particles were observed using a field emission scanning electron microscope (FE-SEM, Hitachi-S4700). The morphologies of the particles were also observed using transmission electron microscope (TEM, Tecnai G20, F20). The crystallinity of the porous titania powder was analyzed using the power X-ray diffraction technique (D/MAX-2200/PC). The UV-visible spectrum of the aqueous Rhodamine B solution was measured using the UV-visible spectrometer (Model: OPTIZEN POP).
RESULTS AND DISCUSSION
In this study, a spray drying process was adopted to induce the self-assembly of precursor materials, for the synthesis of porous particles. The structure of the spray drying system is schematically described in Fig. 1(a) . In this method, a dispersion containing precursor materials is atomized after Subsequently, a dried powder can be collected by cyclone in the collection section, for post-treatments such as calcination.
In this study, we fabricated macroporous titania micro-particles using this spray drying process. Figure 1b illustrates the mechanism by which the porous particles are formed using the spray drying process, which occurs by droplet-assisted self-organization. In the process, monodisperse polystyrene nanospheres were uniformly mixed with the titania nano-colloid, and then atomization of the hetero-colloidal dispersion was conducted using the two fluid nozzles of the spray drying system. The aerosol droplets containing the hetero-colloid of polymeric beads and titania nanoparticles were evaporated by applying hot air, to induce inward capillary pressure. Finally, the composite particles that were formed in the drying chamber were injected into the collection chamber. Subsequent calcination of the composite particles leads to macroporous titania micro-particles with high porosity and specific surface area, which can be applied to various industrial products such as cosmetics or photocatalysts. observed, and the average particle size can be estimated to be a few nanometers. The crystallinity of the titania nanoparticles was confirmed by powder X-ray diffraction analysis, as shown in the graph in Fig. 2(b) . From the diffraction pattern of the nanoparticles, a brookite structure was observed. Figure 3 (a) contains a SEM image of the macroporous titania micro-particles that were fabricated using the titania nano-colloid displayed in the TEM image in Fig. 2(a) as the titanium dioxide source material. Polystyrene nanospheres with 384 nm in diameter were used as templates, and were removed by calcination at 500 ℃ to form the macropores.
The spray drying was conducted at a hot air inlet temperature of 200 ℃ inside the drying chamber. The inorganic nanoparticles and polymeric latex beads contained in the atomized droplets were self-assembled as the droplets were evaporated, and after calcination, macroporous titania particles were produced, as displayed in the SEM image in Fig. 3(a) .
In addition to the SEM image, the porous structure of the titania micro-particles can also be confirmed from the TEM image in Fig. 3(b) . A number of macropores with spherical shapes were formed by the removal of the latex beads, as indicated by the dotted line in the microscope image. A magnified TEM image of the porous titania particles was also obtained to observe the nano-structure of the particles, and is displayed in Fig. 3(c) . It is evident that individual titania nanoparticles were assembled throughout the entire micro-structure of the porous particles after the self-organization induced by the spray dryer. The lattice structure of the titania nanoparticles can be also observed in the TEM image in Fig. 3(c) , indicating that the original precursor material has a crystalline structure. titania particles as measured by particle size analyzer. The average size was found to be 3.07 µm, which is slightly larger than the mean diameter estimated from the electron microscope image, and is possibly due to the aggregation of particles after calcination. relatively lower concentration of organic dye was measured during the decomposition reaction, compared to the results obtained using the macroporous titania micro-particles, as displayed in the graphs in Fig. 6(a) .
The photocatalytic decomposition of organic dyes can be described using the following first order reaction, with an apparent rate constant   [22] .
       
To estimate the rate constants of the macroporous titania micro-particles and the commercial titania nano-colloid, the slope of the regression lines were calculated from the graphs shown in Fig. 6(b) . The apparent rate constant,   was calculated from the semi-log plot to be 0.0299 and 0.0391 min -1 for the porous titania particles and the nano-colloid, respectively, as shown in Fig. 6(b) . Thus, the commercial titania nano-colloid can be considered as a more efficient photocatalyst compared to the macroporous titania microparticles, which have a smaller rate constant.
However, the titania nano-colloid can be a more dangerous material due to its skin toxicity, which results from the ultra-small size of the nanoparticles, which are more easily absorbed than the macroporous titania micro-particles [23] .
On balance, it can be concluded that the macroporous titania micro-particles synthesized by spray dryer might be the more attractive photocatalyst because of their suitable rate constant and reduced skin toxicity. crystallinity.
In addition to the aerosol-assisted self-organization method described in this article, macroporous titania particles can be also produced using an emulsion-assisted self-assembly scheme, as reported in our previous articles [24, 25] . Since the continuous phase of the droplets in the spray drying process is air, the aerosol-assisted method is more economical, because the raw material is much cheaper than that required by the process based on emulsification.
However, clogging of the two fluid nozzle needs to be prevented during the preparation of the feed solution in order to guarantee the hetero-colloidal solution is stably dispersed during the spray drying process. It should be noted that clogging was not observed when the dispersed phase was emulsified using a conventional emulsification apparatus, such as a homogenizer. To produce porous particles for various applications it is possible to choose the appropriate synthesis method by considering the advantages and disadvantages of the spray drying process.
Thus far, the fabrication and applications of macroporous titania micro-particles prepared using the spray drying process have been described in detail. To fabricate these porous titania particles, a nano-colloid was chosen as the precursor material for the self-assembly process. In addition to nanoparticles, liquid phase precursor materials can be also employed for the synthesis of porous powders. For instance, using an aqueous solution of iron chloride as the starting material, porous iron oxide particles can be obtained. generated by the spray drying system were spherical shape.
From the magnified microscope image displayed in Fig. 9(b) , it can be seen that the surfaces of the polystyrene nanospheres in the composite particles are coated with a thin film, produced by the deposition of iron chloride during the self-organization process inside the drying chamber of the spray dryer. Figure 10 (a) contains a SEM image of the porous iron oxide micro-particles synthesized by the evaporation-driven self-assembly scheme outlined in Fig. 8 . Calcination was performed at 500 ℃, which is a temperature high enough to remove the polymeric templates. The porous architectures of the iron oxide particles can be observed in this image, and it is evident that the macropores were successfully generated from the polystyrene nanosphere as sacrificial templates after high temperature calcination. When the calcination temperature was increased to 780 ℃, the morphologies of the porous iron oxide particles changed due to the high energy input during the heat treatment, as displayed in the SEM image in Fig. 10(b) and the TEM image in Fig. 10(c) .
Porous iron oxide particles are important intermediate materials for the fabrication of porous metal powders, which can be applied in various industrial fields, including porous surface burners, artificial bones, thermal insulation, and sound absorbers [26] [27] [28] [29] [30] .
After hydrogen reduction, the porous oxide particles shown in the SEM images in Fig. 10 can also be utilized to fabricate porous metal particles with potential importance in powder metallurgy industries. A study to investigate the use of the spray drying process and successive reduction step for the fabrication of porous metal powders is currently underway.
CONCLUSIONS
In this study, macroporous titania micro-particles were synthesized by a spray drying process using polymeric beads and titania nano-colloids as the template and precursor materials, respectively. The UV blocking properties and photocatalytic performance of the fabricated porous titania powders were measured for potential applications in cosmetics and water purification systems, respectively. When the macroporous titania powder was mixed with water, a reduction in the transmittance of light was observed in the 260 to 350 nm wavelength region, indicating that the porous materials can be used as UV blocking additives in sun creams. Rhodamine B dyes were decomposed when the macroporous titania particles were used as photocatalysts under UV light irradiation, implying that the porous micro-particles can be used to replace current commercial titania nano-colloids, but without skin absorption and toxicity.
It was demonstrated that the proposed spray drying technique in this study can also be applied to fabricate porous iron oxide Young-Sang Cho 273 particles and further investigation is underway to utilize the particles to form porous metal powders after a reduction reaction.
